Drosophila's Insulin/PI3-Kinase Pathway Coordinates Cellular Metabolism with Nutritional Conditions  by Britton, Jessica S. et al.
Developmental Cell, Vol. 2, 239–249, February, 2002, Copyright 2002 by Cell Press
Drosophila’s Insulin/PI3-Kinase Pathway Coordinates
Cellular Metabolism with Nutritional Conditions
generating a variety of second messengers. The critical
second messenger produced by the class IA PI3-kinases
is generated when phosphatidylinositol-4,5-P2 (PIP2;
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mostly found in lipid membranes) is phosphorylated in1 Molecular and Cellular Biology Program and
the third position, producing phosphatidylinositol-3,4,5-2 Division of Basic Sciences
P3 (PIP3; Rameh and Cantley, 1999). Phosphoinositide-Fred Hutchinson Cancer Research Center
interacting domains, called pleckstrin homology (PH)1100 Fairview Avenue North
domains, are found in several proteins used in PI3KSeattle, Washington 98109
signaling. The PH domain of cytohesin/GRP1, for exam-3 Developmetal Biology Program
ple, binds specifically to PIP3 and is consequently re-European Molecular Biology Laboratory
cruited to cell membranes upon PI3K activation (GrayMeyerhofstrasse 1
et al., 1999; Lietzke et al., 2000; Oatey et al., 1999).D69117 Heidelberg
PH domains are also found in the cytoplasmic proteinGermany
kinases Akt/PKB and PDK. Recruitment of these kinases
to the plasma membrane by virtue of PH-PI interaction
activates them and initiates signaling cascades thatSummary
stimulate diverse aspects of cell metabolism including
protein synthesis, glucose import, glycogen synthesis,Studies in Drosophila have characterized insulin re-
and lipid storage. One well-studied effect is the activa-ceptor/phosphoinositide 3-kinase (Inr/PI3K) signaling
tion of S6 kinase, which increases the translation effi-as a potent regulator of cell growth, but its function
ciency of mRNAs containing 5-terminal oligopyrimidineduring development has remained uncertain. Here we
tracts (5 TOPs; Raught et al., 2001). Some of theseshow that inhibiting Inr/PI3K signaling phenocopies
mRNAs encode ribosomal proteins and translation fac-the cellular and organismal effects of starvation,
tors (Meyuhas, 2000), suggesting a mechanism for stim-whereas activating this pathway bypasses the nutri-
ulating general biosynthesis. Other substrates of insulintional requirement for cell growth, causing starvation
signaling, such as glycogen synthase and the glucosesensitivity at the organismal level. Consistent with
importer Glut4, mediate effects on glucose metabolism.these findings, studies using a pleckstrin homology
The Drosophila insulin receptor (Inr) is39% identicaldomain-green fluorescent protein (PH-GFP) fusion as
to human IR in the ligand binding domain and can bean indicator for PI3K activity show that PI3K is regu-
activated by mammalian insulin (Chen et al., 1996; Fer-lated by the availability of dietary protein in vivo. Hence
nandez et al., 1995; Fernandez-Almonacid and Rosen,we surmise that an essential function of insulin/PI3K
1987). An IRS (chico) has been identified in Drosophilasignaling in Drosophila is to coordinate cellular metab-
(Bo¨hni et al., 1999), as well as other pathway compo-olism with nutritional conditions.
nents including the catalytic subunit of PI3K (Dp110;
Leevers et al., 1996), the PI3K adaptor (p60; WeinkoveIntroduction
et al., 1999), PKB/AKT (Verdu et al., 1999), the lipid phos-
phatase PTEN (Gao et al., 2000; Goberdhan et al., 1999;Insulin signaling has long been known to play an impor-
Huang et al., 1999), PDK, TOR (Oldham et al., 2000;tant role in regulating growth and metabolism. In hu-
Zhang et al., 2000), S6 kinase (dS6K; Montagne et al.,mans, defects in insulin production or insulin-dependent
1999), and a family of insulin-like peptides (dILPs; Brogi-
signaling cause diabetes, a disease characterized by
olo et al., 2001). The function of insulin/PI3K signaling
the inability to properly regulate glucose metabolism.
in Drosophila has been analyzed in detail in the imaginal
Diabetic patients can also show growth retardation or discs that develop into the wings and eyes of the fly.
obesity. In cultured cells, insulin and insulin-like growth Overexpression of Inr, Dp110, or PKB in the discs en-
factors (IGFs) act as mitogens, stimulating cell prolifera- hances cellular growth, resulting in enlarged cells, cell
tion (Taha and Klip, 1999). Gene knockout experiments clones, and organs, whereas disc cells mutant for these
in mice have demonstrated that the IGFs, the type 1 IGF genes are small and grow slowly (Huang et al., 1999;
receptor (IGF1r), and the insulin receptor are all required Leevers et al., 1996; Verdu et al., 1999; Weinkove et al.,
for normal growth (Efstratiadis, 1998). 1999). At the organismal level, mutations in Dp110 and
Insulin binds to and activates receptor tyrosine ki- p60 are lethal and result in a larval growth arrest or delay
nases on the surface of target cells. The vertebrate insu- in the third instar (Weinkove et al., 1999). Loss of Inr is
lin receptor (IR) autophosphorylates upon ligand bind- embryonic lethal (Chen et al., 1996; Fernandez et al.,
ing, and then phosphorylates insulin receptor substrate 1995), but certain combinations of Inr alleles, as well
(IRS) proteins within the cell. IRS proteins then bind and as mutations in chico or S6K, cause delays in larval
activate downstream targets including phosphoinosi- development, reduced cell size, and small adults (Bo¨hni
tide 3-kinase (PI3K) and in some cases, Ras. Activated et al., 1999; Chen et al., 1996; Montagne et al., 1999).
PI3Ks phosphorylate inositol lipids at the 3 position, These phenotypes suggest that Inr/PI3K signaling could
function in coordinating nutritional conditions with growth
rates, but it has also been suggested that it might re-4 Correspondence: bedgar@fhcrc.org
5 These authors contributed equally to this work. spond to intrinsically programmed developmental cues
Developmental Cell
240
to effect the differential growth that shapes tissues and
organs during development (see Edgar, 1999; Stocker
and Hafen, 2000; Weinkove and Leevers, 2000 for re-
views).
Here we address the possibility that Drosophila’s Inr/
PI3K signaling system is used for nutritional control dur-
ing larval development, when most of the organism’s
growth takes place. The differentiated tissues that con-
stitute the bulk of the larva use a modified cell cycle, the
endoreplication cycle. This cycle employs successive
rounds of DNA synthesis without intervening mitoses,
generating polyploid cells (Edgar and Orr-Weaver,
2001). As a result, growth of the larva-specific tissues
is achieved by increases in cell size, rather than by
increases in cell number. Endoreplication cell cycles
occur in the gut, fat body, salivary glands, malpighian
(renal) tubules, trachea, and epidermis, and are required
for growth of all of these organs and the organism as a
whole. Our previous studies showed that cell growth and
DNA replication in the endoreplicating tissues (ERTs) are
tightly regulated in response to nutrition, occurring only
when animals are fed a proteinaceous diet (Britton and
Edgar, 1998). These studies also suggested that the
rapid cell cycle shutdown that occurs in the ERTs when
larvae are starved of protein is due to the loss of circulat-
ing growth factors, rather than to starvation for amino
acids at the cellular level. The identity of these nutri-
tionally responsive growth factors, however, was un-
known. The studies detailed below reveal an essential
role for Inr/PI3K signaling in controlling the growth of
all of the polyploid larval tissues, and indicate that Dro-
sophila use this signaling system to coordinate cellular
metabolism with diet.
Figure 1. PI3K Activity Is Required for Organismal and Cellular
Growth
Results
Suppressing Inr/PI3K signaling in the fat body using the Adh-Gal4
driver (A) or ubiquitously using Act-Gal4 (B) inhibits larval growth
Inhibiting PI3K Arrests ERT Cell Growth and phenocopies starvation. Growth of animals overexpressing
and Phenocopies Starvation UAS-p60, UAS-p60, or UAS-PTEN under control of these drivers
was monitored and compared to the growth of control animals thatTo test whether PI3K is required for larval growth, we
carried no UAS transgene. The animals shown were raised in parallelinhibited its activity by expressing p60, p60, or PTEN
and are shown at 5 days after egg deposition (AED). (C) and (C)in large domains of the larva using the Gal4/UAS system.
show an L3 fat body in which PI3K activity was suppressed in
p60 is an adaptor that couples Inr to Dp110, and p60 GFP-marked cells (arrows) by induction of p60 with Flp/Gal4. Red
is a deletion variant lacking part of the Dp110 binding indicates the cell surface marker CD2, and DNA is stained blue with
domain (Weinkove et al., 1999). These molecules and DAPI. (D) and (D) show growth suppression by p60 in GFP-marked
salivary gland cells (arrows) by the same treatment. Cortical actintheir mammalian homologs have dominant-negative ef-
is stained red with rhodamine-phalloidin.fects on PI3K activity when overexpressed, presumably
because they compete with endogenous Dp110/p60
complexes for binding sites on upstream activators such
as insulin receptors and IRSs (Rodriguez-Viciana et al., growth in the different larval cell types, we used the
Flp/Gal4 technique (Neufeld et al., 1998; Pignoni and1997; Kodaki et al., 1994; Weinkove et al., 1999). PTEN
is a lipid phosphatase that counteracts the enzymatic Zipursky, 1997) to express p60, p60, or PTEN in scat-
tered cells throughout the larva. This method employsactivity of PI3K (Gao et al., 2000; Goberdhan et al., 1999).
When p60 was expressed under the control of Act-Gal4 the ActCD2Gal4 and hs-Flp transgenes to activate
UAS-linked target genes, including the cell marker UAS-(expressed ubiquitously) or Adh-Gal4 (expressed pre-
dominantly in fat body), larvae remained growth arrested GFPnls, in cell clones. Heat shock-independent activa-
tion of Gal4 occurred prior to the onset of larval growthin the first instar for as long as 2 weeks (Figures 1A, 1B,
and 7B). p60 and PTEN had similar effects. Dissection and DNA endoreplication in 1%–10% of cells (depending
on organ) in the fat body, gut, salivary glands, renalof these animals revealed that all of their tissues and
organs were proportionally reduced (data not shown). (malpigian) tubules, and epidermis (see Experimental
Procedures). Cells overexpressing p60, p60, or PTENThis developmental arrest is indistinguishable from the
effects of starvation or inhibition of protein synthesis in the salivary glands and fat body were greatly reduced
in size and had much smaller nuclei with far less DNA(Britton and Edgar, 1998; Galloni and Edgar, 1999).
To test whether PI3K was autonomously required for than adjacent control cells (Figures 1C, 1D, 3H, and
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Figure 2. tGPH, a PH-GFP Fusion Protein Used as an Indicator of PI3K Activity
(A) Amino acid sequence alignment of the PH domains of Drosophila GRP1 (tGPH) and mouse GRP1 (mGRP1). Amino acids generally conserved
in PH domains are indicated by asterisks above the protein sequence. Two conserved amino acids that vary in the Drosophila gene are
indicated by filled circles.
(B) Schematic representation of the tGPH fusion protein.
(C) GPH localization in S2 cells transiently transfected with the pMT-GPH gene. Left: cells starved for serum for 2 hr. Center: serum-starved
cells treated with 200 nM insulin for 5 min. Right: serum-starved cells treated with insulin for 10 min followed by the PI3K inhibitor wortmannin
at 100 nM.
3I). Similar effects were observed in other larval tissues but it was also present in the cytoplasm and nucleus.
When these cells were cultured for 4 hr without serum(data not shown). Despite their reduced growth, p60-,
and thus deprived of insulin, membrane localization ofp60-, and PTEN-expressing cells were found at ap-
GPH was reduced. Under these conditions, GPH wasproximately the same frequencies as control GFP-
largely cytoplasmic and nuclear (Figure 2C, left). Whenmarked cells. Apoptotic cells were not observed. Thus,
serum-starved cells were treated with 200 nM insulin,reductions in PI3K activity were not incompatible with
GPH was recruited to the membrane within 2 min (Figurecell viability. Overt effects on cell morphology that might
2C, middle). To verify that membrane recruitment in re-reflect changes in cell adhesion, motility, or identity were
sponse to insulin reflected PI3K activity, insulin-stimu-also not observed. We conclude that reducing Inr/PI3K
lated cells were subsequently treated with 100 nM wort-activity in the differentiated tissues of the larva has cell-
mannin, a specific inhibitor of PI3K activity. This causedautonomous effects that are limited to reducing cell
membrane localization of GPH to rapidly be lost, produc-growth and DNA replication.
ing cells that resembled those starved for serum (Figure
2C, right).
PI3K Activity Is Nutritionally Regulated For in vivo studies, the GPH gene was placed under
These observations and data from the literature (see control of the Drosophila -tubulin promotor, generating
Stocker and Hafen, 2000) suggested that PI3K activity a gene called “tGPH” (tubulin-GPH; Figure 2B), and in-
might be responsive to nutritional conditions. To directly troduced into Drosophila by P element-mediated trans-
test this possibility, we made a fusion protein for use formation. Flies transgenic for the ubiquitously ex-
as an in vivo reporter for PI3K activity. The pleckstrin pressed tGPH gene were viable and had no obvious
homology (PH) domain of the Drosophila homolog of growth delay. Membrane localization of tGPH was ob-
general receptor for phosphoinositides-1 (GRP1) was served in the larval epidermis, fat body, salivary glands,
fused to green fluorescent protein (GFP), generating a malpighian tubules, and wing imaginal discs (Figure 3
protein called GPH (GFP-PH domain; Figures 2A and and data not shown). Cytoplasmic and nuclear tGPH
2B). PH domains from mammalian GRP1 genes bind was also visible in these cell types. Plasma membrane
specifically to phosphatidylinositol-3,4,5-P3 (PIP3), the localization was not distinct in other larval tissues such
second messenger generated by class I PI3-kinases as the body wall muscles. The degree of membrane
(Gray et al., 1999; Lietzke et al., 2000). Since PIP3 gener- localization depended upon the developmental stage.
ally resides in lipid membranes, particularly the plasma Epidermal cells showed little membrane localization of
membrane, GRP1 is recruited to membranes when PI3- tGPH in embryos or newly hatched first instar (L1) larvae,
kinase activity raises cellular levels of PIP3. Fusion pro- but had strong membrane localization in second (L2)
teins containing the GRP1 PH domain are likewise re- and early third (L3) instar larvae (Figures 3A and 3B).
cruited to plasma membranes by binding PIP3, and thus Later, in wandering stage L3 larvae, membrane-associ-
serve as in situ reporters for PI3K activity (Gray et al., ated tGPH was again diminished. Similar trends were
1999; Oatey et al., 1999). observed in the fat body. These variations might reflect
Tests for specificity were performed in cultured Dro- changes in the levels of Inr, PI3K, PTEN, or insulin-like
sophila S2 cells transfected with a metallothionein- peptides (dILPs) in the larva as it feeds and grows.
inducible construct, pMT-GPH. In serum-stimulated S2 To test whether tGPH localization was responsive to
PI3K activity in vivo, we overexpressed Inr or Dp110cells, some GPH was localized to the cell membrane,
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using the Gal4 system. Either gene caused a striking
redistribution of tGPH to plasma membranes in cells of
the fat body, epidermis, malpighian tubules, gut, and
imaginal discs (Figures 3A, 3E, and 3G and data not
shown). To determine whether endogenous PI3K was
responsible for the membrane localization of tGPH, we
suppressed PI3K activity by expressing p60 with the
heat-inducible driver hs-Gal4. In the larval epidermis,
partial loss of membrane-bound tGPH was apparent 1.5
hr post-heat shock (phs), and by 4 hr, phs tGPH was
lost from cell membranes nearly completely (Figure 3C).
Similar results were obtained in the fat body when either
p60 or dPTEN were expressed mosaically using the Flp/
Gal4 method (Figure 3I).
We also tested the ability of other growth-promoting
genes to recruit tGPH to plasma membranes. dMyc,
Cyclin D/Cdk4, and PKB (a downstream effector of PI3K)
all have profound effects on the growth of larval ERT
cells when overexpressed (Edgar and Orr-Weaver, 2001),
but none of these genes promoted membrane localiza-
tion of tGPH. Further tests showed that activated ver-
sions of the Drosophila EGF receptor (-Top) or the DPP
receptor (TkvQ235D) did not affect the localization of tGPH
in wing imaginal disc cells (D. Prober, C. Martin-Castella-
nos, and B.A.E., unpublished data). Thus, all tests indi-
cated that membrane localization of tGPH is an accurate
and specific indicator of Inr/PI3K activity.
To determine whether PI3K activity is nutritionally
modulated, we monitored tGPH localization after starva-
tion (Figure 4). Early L2 larvae (48–60 hr AED) were de-
prived of dietary protein by culture on either 20% su-
crose or Sang’s defined media lacking casein (Sang,
1978). These treatments arrest cell growth in all of the
differentiated larval tissues (Britton and Edgar, 1998).
L2 larvae fed on either protein-free diet survived for
up to 14 days, but a marked shrinkage of cells in the
epidermis and fat body was observed. In the epidermis
of early L2 larvae, culture on either protein-free diet
caused membrane-bound tGPH to be diminished after
24 hr, and to be nearly undetectable after 48 hr (Figures
4A and 4B). Levels of total tGPH also decreased after
protein deprivation, but nuclear and cytoplasmic tGPH
remained detectable for more than 6 days. Loss of mem-
brane-associated tGPH also occurred in fat body cells
of protein-deprived L2 larvae, with similar kinetics (Fig-
ure 4). Starvation caused shrinkage of the nuclei and
nonlipid cytoplasm in fat body cells, leaving large tGPH-
Figure 3. Membrane Localization of tGPH Is Controlled by PI3K and
negative lipid droplets that occupied most of the cellInr In Vivo
volume (Figure 4). To test whether membrane associa-
(A) tGPH in the epidermis of an L2 animal of genotype en-Gal4,
tion of tGPH was reversible, L2 larvae were cultured onUAS-Dp110, tGPH. Posterior cells (right half) overexpress PI3K and
20% sucrose for 8 days and then returned to whole food.show intense localization of tGPH to the plasma membrane, whereas
anterior cells (left half) do not overexpress Dp110 and show the In this experiment, tGPH levels rose and the protein
normal tGPH distribution. reassociated with plasma membranes in epidermal cells
(B) tGPH in a control L2 animal of genotype hs-Gal4, tGPH 4 hr between 24 and 48 hr after feeding (Figure 4). Additional
post-heat shock (phs). experiments were performed in which newly hatched L1
(C) tGPH in an L2 animal of genotype hs-Gal4, UAS-p60, tGPH, 4
larvae were starved of dietary carbohydrates by culturehr phs. (A)–(C) are confocal images from living animals, all at the
on Sang’s defined medium lacking sucrose for 5 days.same magnification.
(D–I) Fat body cells from fixed L3 animals are shown in which the
Flp/Gal4 method was used to clonally activate the UAS transgenes
indicated, early in embryonic development. CD2 expression, shown
in red (D, F, and H), is lost upon Gal4 induction. The corresponding effect is shown in cells overexpressing Inr. In (H) and (I), overexpres-
tGPH images are shown in green (E, G, and I). DNA is blue in all sion of PTEN is shown to suppress both tGPH expression and mem-
panels. In (D) and (E), CD2 cells overexpress Dp110 and show brane localization. Note that (D)–(G) were imaged at 20, and (H)
increased membrane localization of tGPH. In (F) and (G), a similar and (I) at 60.
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This treatment did not arrest larval growth, and had no
detectable effect upon tGPH localization or levels in the
epidermis (data not shown). In summary, these results
indicate that cellular levels of PIP3 drop as a conse-
quence of starvation for dietary protein.
Inr/PI3K Signaling Can Bypass the Nutritional
Requirement for Cell Growth
To determine whether Inr/PI3K signaling could maintain
cell growth in the face of starvation, we used Flp/Gal4
to express Dp110 or Inr in scattered ERT cells, and then
assessed changes in cell size and DNA replication at
time points during a protein starvation regime. At larval
hatching, prior to starvation, cells expressing Dp110 or
Inr in the gut, fat body, malpighian tubules, and epider-
mis were only slightly larger than nonexpressing cells
(Figure 5A and data not shown). After several days of
starvation on 20% sucrose, Inr- or Dp110-expressing
cells in these organs were much larger than adjacent
control cells, and had visibly increased DNA content
(Figures 5B, 5C, and 5E). BrdU incorporation indicated
that gut and fat body cells expressing Dp110 or Inr
continued to replicate their DNA for at least 2 to 3 days
under starvation conditions (Figures 5D and 5F). Nor-
mally, DNA endoreplication in these cells ceases within
1 to 2 days of starvation (Britton and Edgar, 1998). A
catalytically inactive PI3K, Dp110D945A, did not promote
cell growth or DNA endoreplication, indicating that lipid
kinase activity was required. Interestingly, dMyc, a po-
tent promoter of ERT cell growth in feeding animals,
had little or no ability to promote cell growth under
starvation conditions, although it did promote DNA repli-
cation (data not shown; see Edgar and Orr-Weaver,
2001). These experiments indicate that active Inr/PI3K
signaling is sufficient to bypass the nutritional require-
ment for cellular growth and DNA replication in many
larval cell types, and that this effect is cell autonomous.
Inr/PI3K Signaling Regulates Cellular Storage
of Nutrients
To explore the means by which Inr/PI3K signaling in-
duces cell growth, we examined the morphology of fat
body cells in which PI3K activity had been manipulated.
Fat body cells accumulate large stores of protein, carbo-
hydrate, and lipids during larval life, and also produce
growth factors (Davis and Shearn, 1977; Britton and
Edgar, 1998; Kawamura et al., 1999). During the third
larval instar, these accumulations of nutrients cause fat
body cells to become opaque. These nutrients are nor-
mally utilized during metamorphosis, but if a larva
is starved, they are precociously mobilized into the
haemolymph to support the animal during the ensuing
dietary crisis (Dean et al., 1985; Keeley, 1985). This
cells of a fed (E) or starved (F) L2 larva, imaged in living animals.
(G) and (H) show the same treatments in fixed fat body tissue, with
Figure 4. PI3K Activity Is Nutrition Dependent DNA stained blue. (I) and (J) show the effects of starvation on 20%
(A)–(D) show changes in tGPH localization in the epidermis of living sucrose for 18 (I) or 36 (J) hr in epidermal cells from animals of
larvae during an experiment in which fed L2 larvae (A) were first genotype en-Gal4 UAS-Dp110; tGPH. Anterior cells (A) are normal
starved for dietary protein by culturing them in 20% sucrose/PBS and posterior cells (P) overexpress Dp110. See Figure 3A for a fed
for 2 days (B). After 8 days of starvation, these larvae were refed control of this genotype. Images (A)–(D) are matched for magnifica-
whole food for 1 (C) or 2 (D) days. (E) and (F) show tGPH in fat body tion, as are (E) and (F), (G) and (H), and (I) and (J).
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arrest at L3 (Weinkove et al., 1999). In further tests, we
stained fat body cells for lipids with Nile red or for protein
with Texas red X succinimidyl ester (data not shown).
This revealed that the cytoplasm of Inr-expressing cells
contained many more, but much smaller, lipid droplets
than neighboring control cells. This was confirmed using
transmission electron microscopy (Figures 6E–6G). In
summary, activation of the Inr/PI3K pathway has pro-
found effects on cytoplasmic composition. These ef-
fects mimic changes in the fat body that normally take
place late in the L3 stage when nutrient storage by these
cells is maximal. Suppression of Inr/PI3K activity has
opposite effects on cytoplasmic composition, and these
appear to mimic the mobilization of nutrients that nor-
mally accompanies starvation.
Constitutive Inr/PI3K Signaling Confers
Starvation Sensitivity
Considering the above results, it should be advanta-
geous to larvae to downregulate insulin/PI3K signaling
when nutrients are limited, since this would suppress
nutrient storage and cell growth and allow nutrient mobi-
lization by tissues such as the fat body. We tested this
idea by hyperactivating Inr/PI3K signaling and then
tracking development under different nutritional condi-
tions. Several Gal4 drivers were used to induce expres-
sion in large numbers of cells, including Adh-Gal4 (ex-
pressed in the fat body, trachea, and a few cells in the
gut), en-Gal4 (expressed in posterior epidermal cells,
the hindgut, and some neural cells), Act-Gal4 (expressed
ubiquitously), and hs-Flp/ActCd2Gal4 (induced by
heat shock in all cells). In several cases, overexpressed
Dp110 and Inr were tolerated in feeding animals. For
instance, animals expressing Dp110 under Adh-Gal4 or
en-Gal4 control developed without delay and eclosed
at the same frequency as controls, giving viable fertile
Figure 5. PI3K Activity Drives Cellular Growth and DNA Endorepli-
adults (Figure 7A). Inr was more deleterious, but somecation in Protein-Deprived Larvae
animals expressing Inr under Adh-Gal4 control devel-Flp/Gal4 was used to clonally express Dp110 (A–D) or Inr (E and F)
oped to the L3 stage and a few viable adults eclosedin fat body cells (A–D) or the gut (E and F). Animals were starved
(Figures 7A and 7B). Ubiquitous expression of Dp110 orof dietary protein from hatching at L1. (A) and (B) show that Dp110-
expressing cells, marked green with GFP, are nearly normal in size Inr using the Act-Gal4 driver, however, was 100% lethal
8 hr after hatching (A), but grow dramatically during 2 days of at prelarval stages (data not shown).
starvation (B). DNA is blue and GFP is green; (A) and (B) are the In contrast, hyperactivating Inr/PI3K signaling under
same magnification. (C)–(F) show continued DNA replication in some
starvation conditions was catastrophic (Figure 7C).Dp110- or Inr-expressing cells (with large nuclei, DNA is blue) after
When Adh-Gal4 was used to drive Dp110 or Inr expres-starvation. BrdU (red) was added to the starvation media (20% su-
sion, for instance, L1 larvae raised on the sucrose/PBScrose/PBS) during the last 24 hr of a 3 day starvation regime.
diet all perished within 3 to 4 days of hatching, whereas
control animals survived 8 to 9 days (Figure 7C). Animals
expressing Dp110 under en-Gal4 control also perishedcauses the fat body cells to shrink and become clear
within 2 to 3 days, 4 to 5 days before controls, whenas they lose organelles by autophagy and deplete stored
deprived of dietary protein (data not shown). Sup-metabolites (Britton and Edgar, 1998; Dean et al., 1985).
pressing PI3K activity by expressing p60, p60, PTEN,Expression of Inr or PI3K in fat body cells increased
or Dp110D945A using Adh-Gal4, en-Gal4, or even Act-Gal4the opacity of the cytoplasm, and thus promoted nutri-
had no effect on viability under starvation conditionsent storage (Figures 6A and 6B). A similar cytoplasmic
(Figures 1A, 1B, and 7C and data not shown). Animalseffect was observed in intestinal cells from L1 animals
overexpressing another growth-promoting gene, dmyc,(Figure 6D). Close inspection revealed that in both cell
under the control of Adh-Gal4 or en-Gal4, were not star-types, ectopic Inr or PI3K decreased the size of promi-
vation sensitive (Figure 7C). These results suggest thatnent vesicles in the cytoplasm (Figures 6D and 6E–6G).
the starvation sensitivity caused by high Inr/PI3K activityInduction of p60 in early L3 larvae had opposite effects,
is specifically related to nutrient uptake and storage,causing fat body cells to become more translucent (Fig-
functions that appear to be unique to Inr and PI3K.ure 6C). We also observed a loss of opacity in fat bodies
from Dp110 mutants (data not shown) after their growth These results demonstrate that downregulation of Inr/
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Figure 6. Inr and PI3K Activity Modulate Nutrient Storage in Fat Body and Gut Cells
Transgene expression was induced in early L3 using the Flp/Gal4 technique.
(A–D) DNA (blue) and the clonal marker UAS-GFP (green) in cells expressing the indicated genes in the fat body (A–C) or foregut (D) are shown.
DIC images of the same fields are shown below (A–D). Arrows indicate some GFP-positive cells that coexpress the indicated transgenes.
Note that the DIC effect varies from image to image, precluding comparisons between panels.
(E–G) TEM images of control (E and G) and Inr-expressing (E and F) fat body cells are shown. Lipid droplets appear as vacant white areas.
Nuclei are indicated by “N” and contain an electron-dense nucleolus. (E) at 2750 shows two Inr-expressing cells below (Inr) and two wild-
type cells (WT) above. Cell membranes in this panel have been highlighted in black. (F) and (G) at 4125 show parts of single Inr-expressing
(F) and wild-type (G) cells.
PI3K activity is critical to maintaining metabolic homeo- expressing cells, and a consequent drop in levels of
haemolymph insulins.stasis under starvation conditions. The remarkable abil-
ity of Inr/PI3K-expressing cells to continue stockpiling
nutrients and grow, even in starved animals (Figure 5), Hyperactivation of Inr/PI3K Signaling Alters
Feeding Behaviormay account for the starvation sensitivity we observed
at the organismal level. This idea was supported by In performing these experiments, we noticed that larvae
that overexpressed Inr or Dp110 wandered away fromobservations made in starved tGPH larvae that overex-
pressed Dp110 in posterior compartment epidermal their food. To more carefully analyze this phenotype,
animals expressing various PI3K signaling componentscells (genotype, en-Gal4 UAS-Dp110 tGPH). In these
animals, high levels of membrane-bound tGPH per- under Adh-Gal4 control were cultured on agar plates
with red-colored food (yeast paste) in the center for24sisted in Dp110-expressing (posterior; P) epidermal cells
until 2 days after nutrient withdrawal (Figure 4J, “P”), at hr after hatching. These animals were then scored for
the presence of red food in the gut as well as theirwhich point the animals died. In anterior (A) cells, which
did not overexpress Dp110, tGPH was completely lost proximity to the food source. Animals overexpressing
Inr, Dp110, or Dp110CAAX fed poorly (i.e., often had nofrom plasma membranes within 18 hr after nutrient dep-
rivation (Figure 4I, “A”), and tGPH protein became unde- food in the gut) and frequently wandered away from
their food (Figure 7D). Similar aberrant behaviors weretectable by 36 hr (Figure 4J, “A”). This is a much more
rapid starvation response than observed in animals that observed when Dp110 was expressed ubiquitously us-
ing Flp/Gal4, in which case nearly all animals wandereddid not contain Dp110-expressing cells (Figures 4A and
4B). Anterior epidermal cells also shrank rapidly during out of the food and pupated precociously. Thus, ele-
vated levels of Inr/PI3K signaling alter larval feedingstarvation, whereas posterior, Dp110-expressing cells
maintained their large size. These effects might result behavior, perhaps by affecting the animal’s perceived
level of hunger.from the rapid depletion of nutrients by the PI3K-
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Discussion
Insulin/PI3K Signaling in Nutritional Regulation
Terminally differentiated endoreplicating tissues (ERTs)
constitute most of a Drosophila larva, and the growth
of these tissues accounts for virtually all of the 200-
fold mass increase sustained by the animal during the
larval stages. During larval life, the ERTs provide a physi-
ologically nurturing environment for undifferentiated
imaginal cells and neuroblasts, which generate much
of the reproductive adult stage. Most of the biomass
accumulated in the ERTs is eventually recycled into
these progenitor cells as they form the adult. Previously,
we reported that growth and cell cycle progression in
the ERTs is dependent upon the continuous influx of
dietary protein, whereas proliferation of imaginal cells
and neuroblasts is largely independent of ongoing nutri-
tion (Britton and Edgar, 1998). Organ culture experi-
ments suggested that the cell cycle shutdown that oc-
curs in the ERTs when larvae are deprived of protein is
due to the loss of circulating growth factors, rather than
to starvation for amino acids at the cell level. We tested
whether signaling via known pathways involving Notch,
Hedgehog, Wingless, DPP, EGF/ras, FGF, and Jak/Stat
might be important in promoting growth or cell cycle
progression in the ERTs. None of these pathways, how-
ever, appeared to be required (Britton, 2000; Britton and
Edgar, 1998).
Here we provide evidence that Inr/PI3K signaling co-
ordinates nutritional status with ERT cell metabolism
and growth. Three essential findings support this thesis:
(1) inhibition of PI3K activity suppresses ERT cell growth
and specifically phenocopies starvation; (2) ectopic in-
duction of Inr or PI3K is sufficient to drive cell growth
in the ERTs even in starved animals; and (3) PI3K activity
in several ERTs is modulated in response to nutrition.
These findings and others reported in the literature (see
Edgar, 1999; Stocker and Hafen, 2000; Weinkove and
Leevers, 2000, for reviews) may be understood ac-
cording to a paradigm in which nutrient intake leads to
the stimulation of insulin receptors and PI3K activity,
and this in turn promotes anabolic metabolism, cell
growth, and cell cycle progression. Starvation for pro-
tein would be expected to have opposite effects: loss
of Inr/PI3K activity, a switch to catabolic metabolism,
and cessation of ERT cell growth and cell cycle pro-
gression.
Is nutrition sensed in Drosophila at the cell level or
by the animal as a whole? Although animal cells can
Figure 7. Inr/PI3K Signaling Affects Survival and Feeding Behavior sense amino acids directly (see below), our studies sug-
The indicated UAS transgenes were expressed under Adh-Gal4 gest that cells in Drosophila larvae sense and respond
control. to changes in dietary protein indirectly, using secondary
(A) Eclosion frequencies, scored from 9 to 11 days after egg deposi- humoral signals—most likely insulins— long before they
tion (n 	 105 animals for each transgene).
become acutely starved for amino acids. In support of(B) Survival of fed animals, scored at 24 hr intervals (n 	 105
this idea, some cells in the larva can continue to growanimals each). Yellow pupae indicate that all surviving animals had
pupariated at that time. and replicate their DNA long after the animal is deprived
(C) Survival of animals starved from hatching on 20% sucrose and of dietary protein. Imaginal cells and neuroblasts do this
monitored at 24 hr intervals (n  100 for all samples). (Britton and Edgar, 1998), as do ERT cells in which Inr
(D) Feeding behavior. After 24 hr of culture, animals were scored
or PI3K have been artificially switched on (Figure 5). Thisfor the presence of red food in their gut (red bars) and for the number
attests to the fact that starvation for dietary protein doesthat had strayed from the food source (purple bars; n  20 for all
not completely deplete the larval haemolymph of aminosamples). Genotype of control animals in all panels was w118; P[w
Adh-Gal4]. Dp110CAAX, an active membrane-tethered version of PI3K; acids or cause a global shutdown of protein synthesis.
Dp110DN, kinase-dead D945A variant of PI3-kinase. This is probably possible because nutrients stored in
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ERTs such as the fat body are mobilized during starva- that these CNS cells might be nutritionally regulated
tion to maintain levels of haemolymph nutrients. Never- neurosecretory cells, and indeed a precedent for such
theless, starvation does cause a rapid, global shutdown a cell type exists in the silk moth, Bombyx mori, where
of ERT cell growth, and thus some essential signal is injected glucose can trigger the release of an insulin-like
lost. peptide from the corpora cardiaca, a CNS-associated
One factor that all animal cells use for nutritional sens- neurosecretory organ (Masumura et al., 2000). Nutrition-
ing is TOR (target of rapamycin), a protein kinase that independent expression of some of the dILPs in the
mediates diverse effects on cell metabolism including CNS and imaginal discs also seems plausible, however.
protein synthesis, amino acid import, ribosome biogene- Local organ-autonomous dILP signaling might explain
sis, and autophagy (Raught et al., 2001; Schmelzle and the relative insensitivity of these tissues to starvation
Hall, 2000). What role might Drosophila TOR (dTOR) play (Britton and Edgar, 1998). Studies of the effects of star-
in the nutrition response system addressed here? The vation on dILP expression and secretion should clarify
mechanism by which TOR “senses” nutrition remains their roles in nutritional signaling.
uncertain (see Kleijn and Proud, 2000), but cellular levels
of amino acids, aminoacylated tRNAs, and ATP have
Metabolism and Inr/PI3K Signalingbeen suggested as direct inputs (Dennis et al., 2001;
In mammals, insulin promotes the cellular uptake andIiboshi et al., 1999). Drosophila dTOR mutations or the
storage of carbohydrates, proteins, and lipids, and isTOR-specific inhibitor rapamycin inactivate the TOR tar-
the strongest anabolic inducer known (Taha and Klip,get S6-kinase and phenocopy starvation in fed larvae
1999). Insulin-mediated responses are indirectly antago-(Zhang et al., 2000; Oldham et al., 2000). Starvation,
nized by the hormone glucagon, which stimulates cata-however, does not completely inactivate S6K, sug-
bolic reactions and the mobilization of stored nutrients.gesting that dTOR retains some activity under starvation
Insulin and glucagon are produced in the pancreas, andconditions (Oldham et al., 2000). Consistent with this
their relative levels are constantly adjusted to maintaininterpretation, overexpressed PI3K is a potent promotor
proper blood sugar levels. The mammalian liver is alsoof cell growth in starved larvae (Figure 5), but PI3K can-
a key player in the regulation of metabolic homeostasis.not drive cell growth in dTOR mutant larvae (J. Lande
In humans, most of the accessible glycogen, the princi-and T. Neufeld, personal communication). This suggests
ple form of stored carbohydrate, is found in the liver.that although dTOR may act as a cell-autonomous nutri-
This glycogen can be mobilized in response to exerciseent-dependent checkpoint for metabolism, the larva’s
or starvation. In Drosophila larvae, hyperactivation ofphysiology is so effective in buffering cells against abso-
the Inr/PI3K pathway leads to increased accumulationlute starvation that this checkpoint is rarely if ever fully
of nutrients in the fat body (Figure 6), an organ thatengaged. TOR is found in fungi and plants and so seems
resembles the mammalian liver as the principal site ofto be a metabolic regulator that was used prior to the
stored glycogen (Wigglesworth, 1949). Conversely, inhi-advent of multicellularity. Insulin signaling, which is ab-
bition of PI3K activity depletes stored nutrients from thesent from fungi and plants, probably evolved later when
fat body, as does starvation. This suggests that likemulticellular animals required a system to coordinate
mammals, insects regulate storage of metabolites inand fine-tune metabolism in communities of cells. The
response to changes in levels of Inr/PI3K signaling. Di-insulin system is clearly advantageous, since animals in
rect assays of the levels of carbohydrates, storage pro-which it is “short-circuited” by hyperactivation of Inr or
teins, and lipids in the fat body after starvation or manip-PI3K are unable to tolerate even brief periods of starva-
ulation of Inr/PI3K activity should prove informative.tion (Figure 7C).
Our most direct evidence that insulin signaling is nutri- While there are as yet no known Drosophila homologs
tionally controlled was obtained using a cellular indica- of glucagons, there must be some mechanism by which
tor of PI3K activity, tGPH, which is recruited to plasma stored resources can be mobilized during starvation or
membranes by the second messenger product of PI3K, at the transition from feeding to metamorphosis.
PIP3. Subcellular tGPH distributions indicated that PIP3
levels are high in many cell types in fed larvae, but low
Larval Physiology and Feeding Behaviorin larvae that had been starved for protein. Although
In addition to striking cell-autonomous effects, hyperac-these changes in PIP3 levels might be due to altered
tivation of Inr/PI3K signaling had nonautonomous ef-expression of Inr, PI3K, or PTEN, expression profiling
fects on larval physiology and behavior. Expression ofexperiments using cDNA microarrays indicate that lev-
either PI3K or Inr in the fat body or throughout the animalels of p60 and Dp110 mRNA are not depressed in L2
caused Drosophila larvae to eat less and wander awaylarvae that had been deprived of protein for 4 days (L.L.
from their food. In several cases, this defect was soand B.A.E., unpublished data). Perhaps the most attrac-
severe that many of the animals perished from starva-tive explanation for the apparent loss of PIP3 upon star-
tion. Although genes affecting feeding behavior in Dro-vation is that some of the seven Drosophila insulin-like
sophila have been described (Zinke et al., 1999), thepeptides (dILPs) are produced in a nutrition-dependent
relevant physiological mechanisms remain poorly un-fashion. Several of the dilp genes are expressed in the
derstood. The aberrant feeding behaviors we observedlarval gut (Brogiolo et al., 2001) which, as the conduit
after hyperactivating Inr/PI3K activity in the fat bodyof nutritional influx, might be expected to mediate meta-
might derive from several different types of physiologicalbolic responses to feeding throughout the animal. Other
imbalance. One possibility is that activation of PI3Kdilps are expressed in the salivary glands, imaginal
causes the larva to perceive that it is well fed and sati-discs, and small numbers of cells in the central nervous
system (Brogiolo et al., 2001). It has been suggested ated. This might mimic the physiological state in late L3
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